Abstract. The CDF collaboration reported an excess in the production of two jets in association with a W . We discuss constraints on possible new particle state interpretations of this excess. The fact of no statistically significant deviation from the SM expectation for Z+dijet events in CDF data disfavors the new particle explanation. We show that the nucleon intrinsic strange quarks provide an important contribution to the W boson production in association with a single top quark production. Such W +t single top quark production can contribute to the CDF W +dijet excess, thus the nucleon intrinsic quarks can provide a possible explanation to the CDF excess in W +dijet but not in Z+dijet events.
Recently, the CDF collaboration reported an excess in the production of two jets in association with a W boson production [1] , in the Fermilab Tevatron collider of proton and antiproton collision at a center-of-mass energy of 1.96 TeV/c 2 with an integrated luminosity of 4.3 fb −1 . The W boson is identified through a charged lepton (electron or muon) with large transverse momentum, and the invariant mass of the two-jet system (M jj ) is found to be in the range of 120-160 GeV/c 2 . The two-jet system appears to be an unidentified resonance with mass around 150 GeV/c 2 , and this triggers the speculations to understand the dijet as a non-standard new particle resonance with the associated W production cross section to be about 4 pb. It is also reported [1] that such an excess of dijet events cannot be described within the statistical and systematic uncertainties of current theoretical predictions. Therefore the CDF excess has the potential of being an indication for new physics beyond the standard model (SM).
The purpose of this letter is to make an analysis of some possible explanations for the CDF dijet excess within and beyond the SM. We analyse constraints on the properties of the speculated Higgs or Z ′ resonance, if one tries to explain the CDF dijet excess as a signal from a new kind of particles beyond SM. The fact that no statistically significant deviation from the SM expectation for Z plus dijets events disfavors new particle resonance explanation [2] . This leads us go back to examine uncertainties concerning strange and heavy quark content of the nucleon. We show a email: hexg@phys.ntu.edu.tw b Corresponding author. email: mabq@pku.edu.cn that some intriguing features of the nucleon sea, which are relevant to understand several anomalies previously found in experiments, can also provide some understanding for the newly reported CDF dijet excess.
There are many possible ways a new particle can manifest itself in theoretical models. Here we briefly discuss some properties of a beyond SM Higgs boson and a new vector gauge boson with a mass of 150 GeV/c 2 for the explanation of the CDF W +dijet excess.
The CDF W +dijet excess has been shown to be not compatible with SM W H production, i.e., interpreting the dijet being from the decay of a SM Higgs with a mass of 150 GeV/c 2 . The main reason is that the production cross section σ multiplied with the branching ratio BR(H → bb) of a Higgs decays into a pair of bb is only about 12 fb which would not give excess for W H → lνbb. This has been confirmed by the dedicated CDF search [2] .
When going beyond the SM, it is possible to have a larger branching ratio for H → bb and also a larger W H production cross section. For example, in MSSM there are two Higgs doublets H u and H d giving up-and down-quark masses, respectively. The Yukawa coupling of b quark to the SM-like Higgs is scaled by a factor tan β = v u /v d . Here v i is the vacuum expectation values of H i . In the MSSM tan β can be as large as a few tens. The σ · BR(H → bb) can be enhanced. The same can be said for many multiHiggs models. The enhanced coupling also helps to make the total cross section enhanced. These models also have charged Higgs contributions. If the mass of the charged Higgs is not too far away from the neutral ones, they can also enhance the total dijet excess. However, a universal enhancement in down quark sector may not be enough to have a large enough W H production cross section. To this end we note that there are models where the light quark Yukawa couplings can be enhanced even more, such as the private Higgs model and other Higgs multiplet models [3, 4, 5] . In this type of models the total W +dijet excess may become more close to the CDF value. This type of models usually also have large ZH production which may be a problem. We will come back to this later.
The W +dijet excess may also be due to new gauge bosons, such as a Z ′ . There are stringent constraints on the mass of a new Z ′ gauge boson if it has significant coupling to charged leptons. Various data, for example the Tevatron dilepton data, have constrained the mass to be much larger than the 150 GeV/c 2 resonant mass. However, if the Z ′ couples primarily to quarks [6, 7, 8] , that is the Z ′ is hadrophilic or leptophobic, the constraints are much less severe. It is possible to have a low Z ′ mass to produce the W +dijet excess. As we are studying this possibility, several papers [9, 10, 11, 12] appeared showing that this is indeed possible if the coupling of the Z ′ to quarks is similar in order compared with the U (1) Y coupling. With such a large coupling, s-channel production of Z ′ can also become significant, but the signal may be buried under the large QCD background. With a hadrophilic W ′ , it is also possible to explain the dijet excess.
In the above two classes of models, and also most of models relying on a new particle resonance [9, 13] to explain the CDF dijet excess data also predict excess for associated (γ,Z)+dijet production. The reason is that the vertex at which a W is emitted from a quark line, a replacement of W by a Z or a γ is possible. If one starts with the same quark inside a proton, after the replacement, the quark which emits the new particle changes identity compared with the W emission. This may change the cross section significantly if the new particle couples to up-and down-types of quarks differently. However, there is also contribution from a different type of quark inside a proton after the replacement of W by a Z or a γ the quark emitting the new particle is the same type of quark. Since both up-and down-types of quarks have sizeable non vanishing parton distribution functions (PDF) inside a proton, the associated productions with a W and a Z or a γ should have similar orders of magnitude. If there are other types of vertices, such as two gauge bosons to a new Higgs or a new gauge boson, the replacement of a W by a Z in the final state is also expected to have similar magnitude in strength. This is a generic prediction for a new particle interpretation of the CDF W +dijet excess.
In fact CDF has also investigated the shape of the dijet mass distribution in Z+jets event. There is no statistically significant deviation from the SM expectation [1] . This disfavors the new particle interpretation. At present, one cannot rule out/in models with high confidence using this data. But this is something one needs to keep in mind when making claims. Future improved data can provide with more information. In the following we discuss an alternative possibility which is free from this potential problem. This has to do with dijet background from single top quark production.
There have been several interesting discoveries concerning some intriguing features of the nucleon which are beyond naive theoretical predictions. The difference between the EMC measured value of the spin-dependent structure function of the proton [14] and previous theoretical predictions triggered the proton spin "crisis" or spin "puzzle". It has been known that the relativistic effect due to transversal motions of quarks [15, 16, 17, 18, 19] and the sea content of the nucleon [20] play important roles to understand the proton spin problem. A number of models concerning the sea content of the nucleon, such as the baryon-meson fluctuation model [21] and the chiral quark model [22, 23] , not only play significant roles to understand the proton spin structure [20, 21, 24] , but also show their remarkable significance to explain the flavor asymmetry of the nucleon sea [21, 25, 26, 27] reported by the NMC collaboration [28, 29] . More interestingly, the baryon-meson fluctuation model and the chiral quark model have been also found to produce a strange-antistrange asymmetry of the nucleon, and such strangeness asymmetry with natural model estimations [30, 31, 32] can explain the NuTeV anomaly [33, 34] of the deviation of the NuTeV measured value of weak mixing angle compared with other measurements. From the above discussion, we see that the intriguing features of the nucleon sea have played significant roles in the understanding of several anomalies beyond theoretical predictions.
Therefore it is natural to examine the possible relevance of the nucleon sea with the CDF excess in W +dijet production. The energy carried away by the produced W boson should be larger than 100 GeV/c 2 , and the dijet should carry more than 200 GeV/c 2 of energy. Thus the total energy of the produced W +dijet event should be larger than 300 GeV/c 2 , which means that more than 1/6 of the total energy of the colliding proton and antiproton should be spent to produce such an event. This happens when at least one of the parton in the colliding proton and antiproton carried a momentum fraction larger than 0.1, i.e., with Bjorken variable x ≥ 0.1, a region where the intrinsic quarks (aniquarks) of the nucleon dominant.
It is important to distinguish between two distinct types of quark and gluon contributions to the nucleon sea measured in various deep inelastic processes: "extrinsic" and "intrinsic". The sea quarks generated from the QCD hard bremsstrahlung and gluon-splitting are referred as "extrinsic" quarks, since the sea quark structure is associated with the internal composition of gluons, rather than the nucleon itself. In contrast, sea quarks which are multiconnected to the valence quarks of the nucleon are referred to as intrinsic sea quarks. It has been shown [21] that the intrinsic quark-antiquark pairs generated by the minimal energy nonperturbative meson-baryon fluctuations in the nucleon sea provide a consistent framework to understand the nucleon intrinsic quarks. The model predicts an excess of intrinsic dd pairs over uū pairs, as supported by the Gottfried sum rule violation [26] . Furthermore, the meson-baryon fluctuations of the nucleon sea produce a striking quark/antiquark asymmetry in the momentum distributions for the nucleon strangeness, and such asym- metry provides a natural explanation [30] of the NuTeV anomaly within the standard model. The intrinsic quarks of the nucleon sea can be also alteratively modeled by the chiral quark model [27, 31] , and all of the above mentioned anomalies can be also understood as well. In Fock state wavefunctions containing heavy quarks, the minimal energy configuration occurs when the constituents have similar rapidities. Thus one of the most natural features of intrinsic heavy sea quarks is their contribution to the nucleon structure functions at large x in contrast to the small x heavy quark distributions predicted from photon-gluon fusion processes. This feature of intrinsic charm [35, 36, 37, 38] has been extensively discussed. The extension of the intrinsic quark idea to the intrinsic bottom has been also studied [39] . The intrinsic bottom can contribute to the production of a W boson plus a single top which can decay into two jets [40] . Therefore the intrinsic quarks of the nucleon do have relevance to the CDF excess of W +dijet events.
The situation can be illustrated in Fig.1 , where an intrinsic bottom (anti-bottom) quark in the colliding proton (or antiproton) transforms into a W boson and a top (anti-top) quark when interacting with a gluon in another colliding particle. The produced top can contribute to the dijet detected by CDF. As some particles might be missing in the final re-constructed jets, the CDF excess of dijets in the range 120-160 GeV/c 2 does not exclude the contribution from decaying of a single top into two jets. The predicted rate for W +t single top quark production at the Tevatron collision energy of 1.96 TeV/c 2 is 0.28 ± 0.06 pb for a top quark mass of 172.5 GeV/c 2 [40] . Such a contribution has been considered as a single top background in the CDF analysis of W +dijet events.
The intrinsic light-flavor down-type quarks, i.e., d and s quarks of the nucleon intrinsic sea might also contribute to the W +t single top quark production if one replaces the b quark in Fig.1 by a d or an s quark. Such contributions might be highly suppressed due to the rather small values of quark mixing elements V td = 0.00874 [41] . However, as the probability of finding intrinsic bottom quarks is also highly suppressed compared with those of finding d and s quarks, we need to check their relative ratios between each other from rough estimates. Unlike "extrinsic" quarks, which are rather "soft" at small x due to productions of the QCD hard bremsstrahlung and gluon-splitting, the "intrinsic" quarks of the nucleon can be rather "hard" at larger x. As it is rather difficult to distinguish between d and s quarks in the extraction of flavor-dependent quark distributions, and also the intrinsic s quark distribution is predicted to be harder than the intrinsics quark distribution in the baryon-meson fluctuation model, the available parametrizations of parton distribution functions may have underestimated the strange quark distribution at larger x. Therefore we need to estimate the relative contributions of d, s and t quarks from qualitative analysis.
The relative ratios of finding intrinsic s and b quarks inside a proton can be estimated from their off-shell-ness from the ground nucleon [35, 36] , therefore
The relative suppression of s versus b contributions to W +t production due to the quark mixing can be also estimated
Therefore the ratios of s versus b quark contribution to W +t production is 3.6, which corresponds a rate for W +t single top quark production from s quark contribution of being 1 pb. As s(x)/s(x) ranges between 1.5 → 5 for x ≥ 0.1 (See fig.5 of Ref. [32] ), we can therefore suspect that the s quark contribution is dominant thans quark for the W +t single top production for the colliding proton. This may also enhance the intrinsic strange quark contribution to the W +t production by a factor of 2 → 3, corresponding to 2 → 3 pb. Considering that the above estimate is very rough, should be reasonable in the order of magnitude, we thus can conclude that the intrinsic strange quark of the nucleon has a non-negligible contribution to the CDF excess of W +dijet events. We need also an estimate on the contribution from d quarks. There is an additional valence d quark inside the proton besides the intrinsic s quarks at larger x. As the intrinsic s quark is of 1/3 of the sea d quark distribution as in previous data analysis [32] , we can thus use a larger probability of 5 times of finding a d quark than an s quark at larger x. The d quark contribution to W +t production is highly suppressed due to the quark mixing
The rate for W +t single top quark production from d quark contribution is thus estimated to be 0.16 pb, which is one half compared with the intrinsic bottom contribution. Thus the d quark contribution to W +t single top quark production should be also included as a background in the Tevatron W +dijet analysis. For the intrinsic strange quarks, the strange-antistrange asymmetry is a remarkable feature which is predicted from theory [21] and is further found to provide a viable explanation [30, 31, 32] of the NuTeV anomaly. Here we find that the strange quark has an important contribution to the W +t single top production at the Tevatron collider of proton and antiproton collision. Thus the Tevatron W +t production can also offer an ideal process to study the strange-antistrange asymmetry of the nucleon sea with unique advantages. As strange quarks are more "hard" than antistrange quarks inside the proton, we thus can predict that the W − +t events with W − boson plus single top quark production should occur more likely in the proton forward direction, whereas the W + +t events with W + boson plus single antitop quark production should occur more likely in the antiproton forward direction. We thus can use the (W − +t)/(W + +t) asymmetry to extract information on the strange-antistrange asymmetry of the nucleon. Of course, a more quantitative analysis is needed for confrontation with experimental observation.
One interesting feature of the CDF results is that there is no anomaly in the dijet mass distribution of Z+jets events. A reasonable explanation for the CDF excess of W +dijet events should be able to accommodate this feature also. Our suggestion to use the intrinsic strange contribution to W +t single top quark production for the W +dijet excess can accommodate this feature naturally. There is no quark-flavor-changing process in Z production, therefore no single top production can be resulted from intrinsic strange and bottom quarks. Thus no excess of dijets with mass around 150 GeV/c 2 can be found in associated Z+jets production in our explanation. This is a distinctive feature than those new particle resonance models. More precise data in future can distinguish different mechanisms for the CDF dijet excess.
In summary, we analysed the CDF observed excess in the production of two jets in association with a W . If this excess is interpreted as associated W production with a new particle of mass 150 GeV/c 2 , such as a Higgs or a Z ′ gauge boson, which decays into two jets, there should also exist dijets excess with an associated Z production. CDF data, however, do not show statistically significant deviation from the SM expectation for Z plus dijets events. This disfavors the new particle explanation. This therefore led us to examine the nucleon intrinsic quark contributions to the W +t single top quark production. We found that the intrinsic strange quarks can provide an important contribution to the W +t single top quark production, with no enhancement in the production of Z+jets events. The W +t production contributes to the CDF W +dijet events, thus we provide a possible explanation for the CDF excess of W +dijet events. We also provide a prediction of (W − +t)/(W + +t) asymmetry in the Tevatron proton and antiproton collision. Thus our suggestion of a larger intrinsic strange contribution to the W +t single top quark production can be tested by detailed analysis of data.
